This paper deals with the microscopic visualization technique of sand specimen using a micro x-ray CT at SPring-8. SPring-8 is the world's largest third-generation synchrotron radiation facility and it has laboratories, BL47XU and BL20B2, at which a highresolution x-ray CT system is available. A series of experiments performed in 2003 and 2004 are overviewed to demonstrate the performance of the system. Then the paper focuses on a newly-developed image technique to identify each grain in the specimen. The obtained grain information is further processed to some micromechanical properties such as grain size distribution and contact point statistics.
INTRODUCTION
The mechanical properties of sand are essentially governed by the constituent grains' properties and their structure. Grain properties include its size, shape, crushability and so on, while the granular structure can be represented by void ratio, fabric tensor, the orientation of grain's axes, and so on. Recent development of computer ability has made it possible to handle such micro properties in particle-based simulations like Discrete Element Method (DEM) [1] , and accordingly a lot of important numerical data have been piled up [2] [3] . On the other hand, experimental data to directly enhance such numerical results are still lacking. In other words, particle-level observation in physical experiment is definitely needed to prove the numerical findings correct. Experimental researches on this matter so far always have encountered the difficulty how to measure such 3-D microstructural information. X-ray CT is a powerful tool to do that [4] , but standard sands frequently used in geotechnical laboratory tests have their mean diameter of about 0.1mm to 0.5mm, which is less than the resolution of usual medical or industrial x-ray CT devices. Micro x-ray CT using a synchrotron radiation facility is one of the very few exceptions [5] . In particular, SPring-8, the world's largest thirdgeneration synchrotron radiation facility, has laboratories, BL20B2 and BL47XU, at which a well designed micro x-ray system (SP-μCT) is available. Its high flux density xray beam is naturally well collimated and monochromatic, which enables us a very high spatial resolution of x-ray CT (around 10μm and 1 μm at BL20B2 and BL47XU, respectively) [6] [7] . This paper describes a series of micro x-ray CT experiments on sands conducted at BL20B2 at SPring-8 during 2003 and 2004 [8] [9] [10] . The overview of the experiments is presented at first to demonstrate the performance of the system. Then a newlyestablished image analysis procedure to identify the constituent grains in the specimens is described in details, and its accuracy is examined. Finally some micromechanical properties such as grain size distribution and contact point statistics are presented and discussed.
MICRO X-RAY CT EXPERIMENTS ON SANDS AT SPring-8 X-ray CT system at BL20B2 at SPring-8
The x-ray CT system (SP-μCT) at BL20B2 consists of an x-ray light source, double crystal monochromator, high precision stages and high resolution x-ray image detector (Figure 1 ) [6] [11] . The intense x-ray from the storage ring is first monochromatized with a Si (311) double crystal monochromator to make the subsequent CT process simple and accurate. Since the original energy is immense, the available monochromatized x-ray energy at the sample stage is still as much as 9-72 keV. Passing through the specimen the x-ray arrives at an x-ray image detector, which consists of thin scintillator, optic system and CCD camera. The effective pixel size depends more or less on the choice of the optics and the CCD camera. In the following experiments the format of the CCD camera was 1000 by 1018 and the effective pixel size of the detector was 5.8μm by 5.8μm. The x-ray energy used in the following experiments was 25 keV. The image was taken every 0.5 degree for 180 degrees rotation, that means 360 images are used for a single CT reconstruction.
Visualization of grain shape and packing structure of sands and glass beads
We conducted a series of experiment with different standard sands including Toyoura sand, Ottawa sand and others together with artificial glass beads (nearly spherical grains). Each material was prepared in a cylindrical vessel whose inner and outer diameters are 3.5mm and 4.5mm, respectively (Figure 2) . A loose specimen was prepared with a special funnel that can be inserted in the vessel. Firstly we put the funnel in the vessel and placed the sand in the funnel. Then the funnel was slowly pulled out so that the loosest condition corresponding to the maximum void ratio test [12] is attained. A dense specimen was made by tamping with a rod.
After the x-ray shooting, we measured the weight of the specimens to calculate the void ratio. Figure 3 shows examples of the CT images (a horizontal cross section) converted to 8-bit images. The reconstruction of CT image was conducted with a program based on the convolution back projection (CBP) method [13] . The inclination of rotation axis was considered to obtain clear images. The pixel intensity 0 and 100 in the images correspond to the observed LAC (the value of linear attenuation coefficient of x-ray) of 0 and 3.663 cm -1 , respectively. The latter value is the theoretical LAC of quartz (SiO 2 ) at 25 keV. Since Most of sand grains and glass beads consist of quartz, the grains in Figure 3 are mainly in monotonic gray. Slightly brighter grains than quartz are feldspars. Very few grains have rather white, which indicates that they consist of more heavy minerals. The further image analysis to identify the constituent grains is described in the following sections.
Micro triaxial tests
In order to observe microstructural change inside a triaxial specimen due to deviatoric compression, we developed a micro triaxial test apparatus suitable for SP-μCT at BL20B2 (Figure 4) . It is so compact and light that we can easily deriver to SPring-8 and set on the rotational stage. The severe requirement for SP-μCT is that the apparatus width in the scanning area (see Figure 4 ) must not exceed the threshold (10 mm) during 180 degree rotation. This threshold is determined by the image detector size. Therefore, in this apparatus, the reaction force for the loading is sustained by the specimen cell. It is an acrylic cylinder of 1mm thick, and its outer and inner diameters are 10 mm and 8 mm, respectively. The specimen cell is connected with the lower pressure tank so that the confining pressure can be kept constant. The precise loading motor is inside the pressure tank and the axial strain is applied from the bottom of the specimen with a constant speed.
(a) Toyoura sand (dense) (b) Toyoura sand (loose) (c) Glass beads (dense) Figure 3 . Examples of reconstructed CT image (horizontal cross section) Specimen size is 3.4 mm in diameter and 10 mm in height. Figure 5 shows stress-strain curves for dense and loose Toyoura sand specimens. The confining pressure is 100 kPa and the axial strain rate is about 2.5%/min. The resultant peak axial stresses for both specimens are rather higher than those with a conventional triaxial test whose specimen size is over 50 mm in diameter and 100mm in height. It is mainly due to the effect of relatively thick (0.15mm) membrane wrapping the specimens. Loading was stopped several times during the test, as it is observed in Figure 5 by the vertical stress drop, to take a series of X-ray images. Figure 6 shows the reconstructed CT images of a central vertical cross section of the dense specimen before and after loading. It can be recognized that the shear deformation is concentrated on the upper part of the specimen, accompanying a considerable dilation. The images are clear enough to quantify each grain motion including its rotation. However, since the number of grains is huge and their motion is 3-D, it is necessary to develop an appropriate grain identification technique. 
IMAGE PROCESSING FOR GRAIN IDENTIFICATION
As described in the previous sections, it is essential to establish an accurate grain identification method to make the CT images more valuable in granular mechanics researches. This section describes our efficient image processing technique for grain identification. It is composed of several processes. All the processes are done automatically and no visual judgment by an operator is necessary. This is very important because the amount of data is extremely huge.
Binarization
The first step is to distinguish solid part from void by the binarization of the CT images. Figure 7 shows the frequency of the observed LAC for various specimens. The curves show that the materials in the measured region can be classified into two; the material of the lower LAC corresponds to air (void) or acrylic cell, while the material of the higher LAC corresponds to solid grains. The peak LAC for solid grains is about 3.2 (cm -1 ) for the sands (Toyoura sand, Ottawa sand and Hostun sand), and around 3.7 (cm -1 ) for the glass beads. This difference is due to the difference of quartz contents between the sands (over 90%) and the glass beads (72%). It should be noted that the peak observed LAC of the sands are rather smaller than the theoretical LAC of quartz (SiO 2 ) as shown in the figure, because of the system absorption. Tsuchiyama [14] studied the relation between the theoretical LAC and the observed LAC in SP-μCT at SPring-8, and obtained the following relation:
observed LAC =(0.8870 ± 0.0039) × theoretical LAC for LAC<20 (cm -1 ). Figure 7 is consistent with their result. In order to distinguish sand grains from void, the threshold LAC (or pixel intensity) between them should be determined in a rational manner. Figure 8 shows the averaged area of solid grains in a horizontal cross section with different threshold value for various specimens. The vertical dashed lines in the figure are the best threshold values with which the solid area from the CT image coincides with those calculated from the measurement of specimen weight. They range mainly from 1.8 to 2.0 (cm -1 ) except the Figure 7 . Frequency of observed LAC Figure 8 . Area of grains in a horizontal for varous specimens cross section with respect to threshold of LAC case of Hostun sand and the loose glass beads specimen. Hostun sand consists of rather bigger grains and the effect of the top and bottom boundaries may not be negligible, which is a possible reason for this discrepancy. In the case of loose glass beads, the error on the weight measurement or inhomogeneity of the specimen could be the reason. Based on the above consideration, we used the threshold value of 2.0 (cm -1 ) in the following procedure. Figure 9 shows the result of binarization for dense Toyoura sand specimen (horizontal cross section z=400). (The original image before binarization is shown in Figure 3(a) .)
Erosion
Since each grain has contact points with the neighboring grains in a specimen, the solid part of the binarized image is necessarily connected with each other. In order to identify individual grains, we need an image processing to separate each grain from the others. Here we adopt so called 'erosion' process, that is schematically illustrated in Figure 10 . Note that the figure is drawn in 2-D, but the actual process is done in 3-D. White pixels represent the solid grains and black pixels signify the voids. In the adopted erosion process any white pixel having at least one neighboring pixel in black (adding '*' in the figure) is changed into black. Therefore the pixels composing the grain edge will be (a) after the first erosion (b) after the second erosion (c) after the third erosion Figure 11 . Cross sectional image after erosion process eliminated and the grain becomes smaller (eroded). Figure 11 shows its application into a cross section (z=400) of dense Toyoura specimen. The number of erosion processes to be applied for the best result is determined by the following cluster labeling result and the final grain size distribution.
Cluster labeling
After a certain number of erosion processes, the remaining 'core' pixel clusters are considered as individual grains. Cluster labeling is a process to numbering those individual grains for identification. A well established efficient cluster labeling algorithm [15] enables us to handle our huge data with an allocable memory size.
It is important to compare the resulting cluster size distribution with the grain size distribution by sieving for the determination of the most suitable number of erosion process application. According to the figure on Toyoura sand (Figure 12(a) ), whose grain diameter ranges from 0.1 to 0.3 mm, the result after the second erosion still contains rather bigger clusters. This implies that the separation of grains by erosion process does not work enough. The result after the third erosion seems to be better. The other thing to be considered is the number of small-sized clusters, as shown in Figure 12 (b). It is noticeable from the figure that the result after the third erosion contains a considerable number of small-sized clusters. It is easily found from the image that most of such small clusters are generated by the erosion process; one single grain is recognized as several clusters. The number of such small clusters increases with increasing the number of applied erosion process. So we adopt the result after third erosion process in the following process.
Attribution of eroded pixels
The final step is to attribute the eroded pixels to the identified grains. In order to do that, we take the image difference before and after erosion, and the recognized eroded pixels are attributed to the adjacent core pixel cluster. If some pixels are adjacent to plural core clusters, we search the number of neighboring pixels for each candidate clusters to find the most adequate core clusters. Since some eroded pixels are not directly adjacent to the core clusters, this attribution process is applied repeatedly until the number of unattributed pixels becomes sufficiently small. When we directly apply this process to the cluster labeling result shown in Figure 12(b) , the frequency of the finally-obtained clusters in size contains a considerable number of misrecognized small clusters as shown in Figure 13(a) . To avoid this, such small clusters are not considered as the core clusters in the initial attribution process. This 'unlabeling' treatment improves the resulting frequency distribution as shown in Figure 13(b) . Figure  14 shows the image of the same cross section as Figure 9 but the color of the grain differs in different grain according to the final grain identification result. Looking at the details, one can recognize that the unlabeling treatment gives a more reasonable result.
MICROSTRUCTURAL PROPERTIES
This section describes some results on microstructural properties for three specimens; dense Toyoura sand specimen and dense and loose spherical glass beads specimens. According to the preliminary sieving, the grain size ranges from 0.10 to 0.30 mm for Toyoura sand, and from 0.18 to 0.25 mm for glass beads. Figure 15 shows the size distribution curves for such specimens obtained from CT data, which have a good agreement with the sieving data. The difference between the dense glass beads specimen and the loose glass beads specimen for relatively bigger grains may be caused by the error at the grain identification; the grains in the dense specimen look to be connected each other more tightly and are more difficult to be separated by the erosion process. 
CONCLUSION
Micro X-ray CT experiments provide us with a lot of useful knowledge on micromechanics of granular assembly. This paper studied in details a newly-developed image procedure, which is quite important to make the CT results more fruitful to micromechanics of granular materials. The obtained contact information was in good agreement with the result in the literature, which implies that the proposed image analysis has a sufficient accuracy. Further analysis on contact points will be presented elsewhere.
